) Rising Star Program, Trans-disciplinary Organization for Subtropical Island Studies (TRO-SIS), University of the Ryukyus, 1 Senbaru, Nishihara, Okinawa, Japan 903-0213 A B S T R A C T Leucothoid amphipods were investigated using nuclear 18S ribosomal DNA sequences. Analysis of sequences from eight species in two genera supported the current morphological species designations and the separation of the family into two clades. Additionally, an anamorph-leucomorph connection has been confirmed with molecular sequence data that demonstrated both morphologies conclusively belonged to the same species, Anamixis vanga Thomas, 1997. Analyses suggest that morphology is reflecting the genetic evolutionary history of the family. Levels of sequence divergence are compared for 18S rDNA and COI mitochondrial DNA in Leucothoidae.
INTRODUCTION
Leucothoid amphipods are most often found as endocommensal associates of sessile invertebrates such as sponges, ascidians, or bivalve mollusks. They are also found in crevices in coral rubble. Many crustaceans have planktonic life history phases while peracarid crustaceans, such as amphipods, exhibit direct development (Calman, 1904; Martin and Davis, 2001 ). The leucothoid genera Anamixis Stebbing, 1897, Nepanamixis Thomas, 1997 , and Paranamixis Schellenberg, 1983 exhibit two morphologies. The terminal male is referred to as an anamorph and the subterminal males and females are referred to as leucomorphs (Thomas and Barnard, 1983) . These vastly different developmental stages were placed in separate families until Lowry et al. (2000) synonymized Anamixidae under Leucothoidae. It is impossible to connect the anamorph and leucomorph life stages unless they are collected together directly from a host or by using molecular data. Highly restricted dispersal rates in these amphipods suggest a high likelihood of local adaptation, especially among those utilizing a relatively large host (Sotka, 2005) . A large host will impose strong selection on feeding habits, life histories, and morphology of the commensal invertebrates. These pressures may facilitate evolution of genetic differences among populations (Sotka, 2005) .
Molecular tools provide an excellent method for confirming species determination and providing data for phylogenetic studies. To date, there has been only one published molecular study involving Leucothoidae (Richards et al., 2006) , which utilized partial sequences of the mitochondrial cytochrome oxidase I (COI) gene to study the phylogeography of two leucothoid species. This study reported high levels of intraspecific genetic distance in COI mtDNA sequences from two populations of Leucothoe ashleyae Thomas and Klebba, 2006 , and it suggested that cryptic speciation may be occurring, resulting in morphologically identical but genetically different individuals. The goals of this study were to test the utility of 18S ribosomal DNA as a species-level marker for Leucothoidae and to provide a tool for connecting different life stages due to the difficulty involved in amplifying COI mtDNA sequences for this family.
MATERIALS AND METHODS

Technical Parameters
Leucothoid amphipods for this study were collected from marine sponges, bivalves, ascidians, and coral rubble from northwestern and southeastern Florida, U.S.A; Belize, Central America; and North Sulawesi, Indonesia. These collections included detailed host association and location data (GPS coordinates, depth etc.), as such associations were previously unknown for most of the described species in Leucothoidae. Specimens, station data, and GenBank accession numbers are listed in Table 1 .
Genomic DNA was extracted from representative individual ethanolpreserved animals after morphological examination. In total, DNA from one to five specimens each of eight morphologically determined Leucothoidae species was extracted. Voucher specimens are maintained in the laboratory of James D. Thomas at Nova Southeastern University, Dania Beach, Florida, U.S.A. Extractions were performed using QiagenE DNeasy kits or BioventuresE Gene Releaser. 560 base pairs of 18S rDNA, including the V4 hypervariable region, and 307 base pairs of Cytochrome Oxidase I (COI) were amplified using polymerase chain reaction (PCR) (Saiki et al., 1988) . PCR protocols were used following Spears et al. (2005) for 18S rDNA and Richards et al. (2006) for COI. The following Peracarid-specific primers were used for 18S rDNA: 329 (59-TAAT-GATCCTTCCGCAGGTT-39), Hi-(59-GTGCATGGCCGTTCTTAG-TTG-39), and 6-(59-AAACTTAAAGGAA-TTGA-39) (Spears et al., 2005) . The following primers were used for COI: FL-F1 (59-AACAGAATTATC-CACCCC GGGAAATTTAAT-3) and R2 (59-TGTAATGGCTCCCGC-TAAAACTGG-39) (Richards et al., 2006) . PCR products were purified using Qiagen spin-columns and gel purified if non-specific PCR products were apparent after gel electrophoresis. JOURNAL OF CRUSTACEAN BIOLOGY, 31(4): 710-716, 2011 Sequencing was done at the DNA Core Sequencing Facility at the University of Illinois at Champagne-Urbana. Sequences were edited in Sequencher 4.7 (Gene Codes Corporation, 2006). Sequences were initially aligned using BioEdit 7.0.5.3 (Hall, 1999) and the alignments were corrected by eye. The 18S rDNA alignment dataset contained 560 sites of 27 sequences and the COI mtDNA alignment dataset contained 307 sites of six sequences (Appendix). The COI dataset was supplemented with sequences taken from Genbank (Leucothoe ashleyae, gbEF053413, gbEF05414; Eusirus perdentatus Chevreux, 1912, gbAF451355) . Uncorrected measures of percent-sequence divergence were obtained using Mesquite V2.74 (Maddison and Maddison, 2010) and the level of 18S sequence divergence between species was determined based on both sequencing and detailed morphological analyses.
Analyses
The phylogenetic analyses focused on 18S rDNA. The amphipod family Eusiridae was chosen as the out-group based on the shared reduced or absent accessory flagellum, adaptation to inquilinous habitats, and modifications to coxae, mouthparts, and gnathopods (Barnard, 1974) , 1906 were taken from GenBank (gb DQ378012; gb DQ378011). Eight in-group taxa were included in the analysis due to the lack of properly preserved specimens and limitation of available molecular data. PhyML (Guindon and Gascuel, 2003) was used for maximum likelihood analyses using an input tree generated by BIONJ with the HYK model (determined by FindModel using the Akaike Information Criterion), incorporating invariable sites and a discrete gamma distribution. Base frequencies were estimated from the dataset. Support for the maximum likelihood tree was measured using the bootstrap method with 1000 replicates in PhyML.
Bayesian phylogenetic inference analysis was accomplished using MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) under GTR + I + C. One cold and three heated Markov chain Monte Carlo (MCMC) chains with default-chain temperatures were run for 20,000,000 generations. Loglikelihoods (lnLs) and trees were sampled at 1000 generation intervals (20,000 lnLs and trees were saved). Relburnin was selected with the burnin fraction set at 0.5 and 20,000 generations were discarded as burnin. The remaining 19,980 trees were used to obtain clade probabilities.
RESULTS
18S as a Species-level Marker for Leucothoidae
Based on phylogenetic analyses of this study, 18S rDNA, including the V4 hypervariable region, is a reliable specieslevel molecular marker for Leucothoidae. Individuals sharing less than 0.05 percent sequence divergence in 18S rDNA sequences were interpreted as belonging to the same species, and morphological differences among such specimens were interpreted as phenotypic plasticity. There was no intraspecific variation in the 18S rDNA sequences within populations and only minimal variation (0-0.023) between different populations of a morphologically defined species. Sequences of 18S rDNA had uncorrected pair-wise nucleotide distances of 0.090-0.295 between species within a genus, 0.260-0.349 between different genera within Leucothoidae, and 0.306-0.377 between leucothoid genera and the out-group, Eusiridae. Uncorrected Hennig pair-wise distances between taxa and alignment data are provided as supplemental information on-line (DOI: 10.1651/11-3489.1).
COI mtDNA Sequence Divergence COI mtDNA data showed no intraspecific variation between sequences within a population, but showed notable distances between L. ashleyae populations from Florida and Belize (0.2101-0.2143). COI mtDNA sequences had uncorrected pair-wise distances of 0.3000-0.3663 between different genera within Leucothoidae and 0.3294-0.3497 between leucothoid genera and the out-group, Eusiridae.
Analyses
Maximum likelihood analysis of partial 18S rDNA sequences of all available species resulted in a tree with high bootstrap support values (ML). Bayesian analysis resulted in a phylogenetic tree identical to the ML tree with high posterior probabilities (B).
The tree depicts two clades (Fig. 1) , one composed of species of Anamixis (ML 5 98%, B 5 1.00) and the other containing species of Leucothoe Leach, 1814 (ML 5 100%, B 5 1.00). Within these clades, different specimens of each morphological species each form subclades. The 18S rDNA sequence data also support the connection of leucomorphs and anamorphs of Anamixis vanga Thomas, 1997 . The leucomorphs collected with Anamixis cavatura (Thomas, 1997) from coral rubble were proven to be A. vanga with the 18S rDNA sequence data. The leucomorphs from both collections were morphologically identical.
The anamixid subclade groups the anamorphs of A. cavatura (ML 5 100%, B 5 1.00) and the anamorphs of A. vanga with all leucomorphs (ML 5 100%, B 5 1.00). Two undescribed Pacific species of Leucothoe from North Sulawesi, Indonesia, grouped into a subclade separate from all Caribbean and Atlantic Leucothoe (ML 5 100%, B 5 1.00). Three specimens of Leucothoe urospinosa Serejo, 1998 formed a subclade separate from all the remaining taxa of Leucothoe (ML 5 100%, B 5 1.00). Leucothoe sp. I1, from Belize, grouped into a subclade with four specimens of Leucothoe ashleyae from Belize and one L. ashleyae from southeastern Florida (ML 5 86%, B 5 0.99). Three specimens of Leucothoe sp. 1 from northeastern and southeastern Florida grouped into another subclade (ML 5 100%, B 5 1.00). Three specimens of Leucothoe sp. 2 from Belize grouped into another sub-clade (ML 5 95%, B 5 1.00).
DISCUSSION
18S rDNA as a Species-level Molecular Marker for Leucothoidae
This study focused on nuclear 18S rDNA, which is traditionally used for resolving relationships of arthropods above the family level due to the highly conserved nature of the gene (Kim and Abele, 1990; Spears et al., 1992; Carmean et al., 1992; Pashley et al., 1993; Campbell et al., 1994; Friedrich and Tautz, 1995; Kim et al., 1996; Chalwatzis et al., 1996; Giribet et al., 1996; Friedrich and Tautz, 1997; Crease and Taylor, 1998; Spears and Abele, 2000; Hwang et al., 2000) . Some examples of crustaceans for which molecular phylogenies have been based at least partially on 18S rDNA include brachyuran crabs (Spears et al., 1992; Spears and Abele, 2000) , branchiopod crustaceans (Crease and Taylor, 1998) , subterranean gammaridean amphipods (Englisch and Koenemann, 2001) , onychopod cladocerans (Cristescu and Hebert, 2002) , Ostracoda (Yamaguchi and Endo, 2003) , and oniscidean isopods (Raupach et al., 2009 ).
Several studies have found that the V4 and V7 hypervariable regions of 18S are taxon specific and useful as a species-level marker (Hwang et al., 2000) . Meland and Willassen found that despite independent modes of evolution, mitochondrial COI and hypervariable regions V4 and V7 of nuclear 18S share comparable phylogenetic structure in mysids, with 18S sequence divergence averaging 1.31% compared to an average of 33% for COI sequence uncorrected pair-wise distances (2004). Englisch and Koenemann (2001) reported uncorrected 18S pair-wise sequence differences to average 1.3% between different amphipod species in a genus.
The primary 18S rDNA sequence structure data compiled here support the current morphological classification of species for Leucothoidae. 18S rDNA sequences' utility as a species-level marker for representative leucothoid species has been confirmed. Support values from sequences from specimens in this study indicated no intraspecific variation within a population and minimal intraspecific variation between populations. On the other hand, 18S rDNA sequence data has highlighted the potential presence of morphological variability in L. ashleyae. One specimen of what was thought to be a potentially undescribed species (I1) was seen to belong to a sub-clade composed exclusively of L. ashleyae. The average pair-wise nucleotide distances between specimens identified as L. ashleyae and one specimen originally identified as L. sp. (I1) were 0.00. Upon closer morphological examination of specimens of the undescribed species, it appears that these specimens are identical to L. ashleyae except for the gnathopod 1 propodus. Leucothoe ashleyae has a serrate palm with fewer large serrations, while Leucothoe sp. (I1) has many smaller serrations (Fig. 2) . It is possible that some amphipods exist in a resting state of development, with less prominent morphological characters while they are in an intermediate host. Their ephemeral habitats and host variability provide a situation where the amphipods may have to adapt to what is available. A complete morphological and molecular investigation of these specimens of L. ashleyae is necessary to validate this as a case of intraspecific morphological variation.
As a species marker with apparently clear utility in Leucothoidae, nuclear 18S rDNA will also make an excellent tool for determining morphological differences between adult and juvenile morphotypes within species and connecting anamorph and leucomorph counterparts not collected directly from the same host. The limited data of this study demonstrate that molecular analyses are a viable method for connecting life stages until they can be morphologically described.
Detecting Cryptic Speciation Richards et al. (2006) reported corrected average pair-wise nucleotide distances between L. ashleyae populations from Florida and Belize to be 20.3% based on mitochondrial COI sequences and suggested that cryptic speciation is occurring within this species. Richards (2006) did not designate the different populations as different species and thus both remain L. ashleyae. Comparison of two COI sequences from L. ashleyae obtained by the author with the COI sequences obtained by Richards et al. (2006) and 18S rDNA data shows a major discrepancy between datasets. The uncorrected pair-wise nucleotide distances among L. ashleyae populations from Belize and Florida were 0.0040 based on 18S sequences and 0.2101 based on COI sequences. Although both datasets are extremely limited, they suggest that 18S rDNA sequences do not have the relatively high levels of variation between populations as reported with COI sequences. It is obvious that mitochondrial sequences within L. ashleyae evolve at a rapid rate, allowing for discerning between separate populations, but more analyses of both COI mtDNA and 18S rDNA sequences are necessary to fully understand their utility in detecting cryptic speciation in Leucothoidae.
Potential use of 18S rDNA in Phylogenetic Analyses of Leucothoidae
The sequence data for 18S rDNA support the separation of Anamixis and Leucothoe as separate genera, and furthermore the data brings together morphologically similar species into highly supported sub-clades within the genus Leucothoe. In this analysis, morphology reflects the genetic evolutionary history of the family. Leucothoe ashleyae, Leucothoe sp. 1, and Leucothoe sp. 2, which are morphologically very similar in having rounded head margins; mandibular palp article 3 longer than article 1; maxilla 1 palp 2 articulate; gnathopod 1 propodus straight; gnathopod 2 carpus rounded; gnathopod 2 propodus mediofacial row above midline; pereopods 5-7 bases broadly expanded; epimeron 1 with tuft of anteroventral setae; and a tridentate telson, form a closely related subgroup of species based on 18S rDNA sequences. On the other hand, Leucothoe urospinosa, which is morphologically distinct from this species group in all aspects mentioned above, falls into a separate subclade.
Conclusions
The molecular data compiled in this research has greatly added to the current molecular dataset for Leucothoidae, and can form the basis for future molecular research on this family. The molecular identification of leucothoid taxa closely agrees with the traditional species definitions, yet also supports the suspected cryptic diversity of Leucothoidae. While it appears that morphology is reflected in the genetic evolutionary history of the species of Leucothoidae, it is possible that the taxa are clustered incorrectly due to convergent adaptation to similar hosts. A thorough molecular and morphological investigation of many leucothoid species with additional molecular markers is necessary to clarify whether morphological differences between species reflect evolutionary relationships or are cases of convergent evolution due to adaptation to similar hosts.
